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Background: Bronchopulmonary dysplasia (BPD) is a common respiratory disease in premature infants. Nesfatin-1 is considered
for the treatment of BPD. This study aimed to explore the anti-inflammatory effect of nesfatin-1 in the treatment of BPD.
Methods: Hyperoxia-induced newborn rats and transfected primary type II alveolar epithelial cells (AECIIs) were used to eval-
uate nesfatin-1’s efficacy in treating BPD. Lung damage was assessed by means of wet-dry ratio measurement, Hematoxylin and
Eosin staining, Masson staining, Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining,
and Western blotting. Interleukin 6 (Il-6), tumor necrosis factor alpha (Tnf-α), and interleukin 1β (Il-1β) levels were mea-
sured by Enzyme-linked immunosorbent assay (ELISA) and quantitative polymerase chain reaction (qPCR). Neutrophils in
bronchoalveolar lavage fluid were counted. High mobility group box 1 (HMGB-1), Toll-like receptor 4 (TLR4), nuclear factor
kappa-light-chain-enhancer of activated B cells p65 subunit (p65), and NOD-like receptor family pyrin domain containing 3
(NLRP3) expressions were analyzed using Western blotting, while NLRP3 expression was detected through immunohistochem-
istry. AECIIs’ viability, apoptosis, and reactive oxygen species (ROS) levels were assessed using cell counting kit-8 (CCK8), flow
cytometry, and immunofluorescence, respectively. An immunofluorescence approach was used to detect surfactant protein C
and ROS levels.
Results: In vivo, nesfatin-1 treatment significantly reduced the lung wet-dry ratio, increased the body weight of rats, inhibited
apoptosis, alleviated lung damage, decreased inflammation, and lowered neutrophil counts (p < 0.05). In vitro, nesfatin-1 en-
hanced cell viability, inhibited apoptosis, decreased ROS levels (p < 0.01) and decreased mRNA levels of Il-6, Tnf-α, and Il-1β
(p < 0.05) while increasing Il-10 mRNA (p < 0.01). In in vivo and in vitro scenarios, nesfatin-1 inhibited HMGB-1, TLR4, p65,
and NLRP3 protein expression (p < 0.05). In hyperoxia cells, Hmgb-1 silencing showed similar results to those of nesfatin-1
treatment, while Hmgb-1 overexpression antagonized the effects of nesfatin-1 treatment.
Conclusion: This study showed that nesfatin-1 reduces neutrophils and suppresses inflammation via the HMGB-1/TLR4/Nuclear
Factor kappa-light-chain-enhancer of activated B cells (NF-κB)/NLRP3 pathway, suggesting its potential clinical application in
the treatment of BPD.
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Introduction

Bronchopulmonary dysplasia (BPD) is a chronic res-
piratory disease commonly occurring in newborn infants,
characterized by arrested lung development along with pul-
monary fibrosis and airway injury [1]. Due to lung damage,
newborn infants affected by BPD may suffer from compli-
cations such as pulmonary hypertension and respiratory in-
fections, which can progress to asthma or chronic obstruc-
tive pulmonary disease and even lead to death [2]. Prema-
ture birth is the primary cause of BPD. Several studies have
reported a dramatic elevation in the incidence and mortality
of BPD in premature infants [3–5]. Thus, this urgently calls

for the need to explore the pathogenesis of BPD and devise
a therapeutic approach.

Apart from premature birth, the development of
BPD was associated with other high-risk factors, such
as preeclampsia [6], oxygen toxicity [7], and infection
[8]. Particularly, mechanical ventilation and hyperoxia ex-
posure induce the production of reactive oxygen species
(ROS), ultimately leading to BPD [9]. In addition, immune
response and inflammation induced by infection or ROS
also play a vital role in BPD pathogenesis [10,11]. There-
fore, counteracting inflammation provides another potential
avenue for treating BPD.
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High mobility group box 1 (HMGB-1) is a highly con-
served nuclear protein involved in cell differentiation [12],
migration [13], metastasis [14], and apoptosis [15]. More-
over, extracellular HMGB-1 can act as a damage-associated
molecular pattern to activate the innate immune system and
stimulate pro-inflammatory cytokine production [16].

Nesfatin-1, an 82-amino-acid peptide derived from
the precursor protein nucleobindin 2 (NUCB2), has been
reported to show antioxidant, anti-inflammatory and anti-
apoptotic activities in multiple diseases [17]. Moreover,
it has been reported to suppress macrophage M1 polariza-
tion to inhibit inflammation, thus reducing acute lung in-
jury [18]. Furthermore, in our previous study, nefastin-1
has been proven to inhibit oxidative stress, protecting new-
born mice from hyperoxia-induced lung injury [19].

In this study, we aimed to explore the therapeu-
tic effect of nesfatin-1 on BPD by focusing on its anti-
inflammatory properties, using a rat model of hyperoxia-
induced BPD and type II alveolar epithelial cells (AECIIs).

Materials and Methods

Establishment of BPD Model in Neonatal Rats and
Drug Administration

A total of 18 adult male and female rats (Specific
Pathogen Free (SPF) grade, 200 ± 20 g, 6–8 weeks old)
were purchased from SLAC Laboratory Animal Co. Ltd.
(animal production license number: SCXK(Hu)2022-0004;
Shanghai, China). The animals used in this study were
maintained under specific pathogen-free conditions, a con-
stant 12-hour light/dark cycle, a temperature maintained at
22 ± 2 °C, and humidity levels of 55–60%.

After one week of adaptive feeding, adult male and
female Sprague-Dawley rats were housed in a 2:1 arrange-
ment to facilitate natural intercourse. Pregnant rats natu-
rally delivered their offspring at 21–22 days of gestation.

The rat model of BPD was established according to
protocols described in a previous study [19]. In short,
within the first 6 h after birth, newborn rats were ran-
domly assigned to a control group, model group or nesfatin-
1 group (n = 6 for each group). Neonatal rats in the control
group were exposed to normal air, while those in the model
and nesfatin-1 groups were exposed to 85% oxygen for 14
days. Exposure to hyperoxia was carried out in an organic
glass chamber, where oxygen concentration was monitored
by an oxygen controller and delivered by a solenoid valve.
A daily 1-hour period was set aside for weighing and refill-
ing of water and food.

After model construction, the rats in the control
and model groups received subcutaneous injection with
saline and those in the nesfatin-1 group received 20 µg/kg
nesfatin-1 (HY-P71177, MCE, Princeton, NJ, USA) for
seven consecutive days, respectively [19].

Lung Wet-Dry Ratio Detection
After 12 h of the last dose administered, the rats were

euthanized through carbon dioxide inhalation and their
lungs were obtained. The left lung was used for wet-dry
ratio detection. Filter paper was used to clean the blood
on the surface of the left lung and then its wet weight was
determined, followed by the dry weight measurement after
baking the lung sample at 80 °C for 48 h. The wet-dry ratio
was defined as the ratio of lung wet weight to its dry weight.

Hematoxylin and Eosin Staining
The lung sample was collected, rinsed, fixed, dehy-

drated, embedded and then cut into sections. After roasting
and dewaxing, the sections were hydrated and stained with
hematoxylin (H3136, Sigma-Aldrich, St. Louis, MO,USA)
for 3 min and differentiated for 15 s. The sections were then
rinsed with water and bluing buffer (Bry-0001-04, Runner-
bio Technology, Shanghai, China) for 15 s and stained with
eosin Y (E4009, Sigma-Aldrich) for 3 min. Images were
captured using a microscope (Nikon Eclipse Ci-L, Nikon,
Tokyo, Japan).

Masson Staining
The section was sliced and dewaxed as mentioned

above. The section was first stained with hematoxylin
for 10 min, followed by 1% hydrochloric acid alcohol.
Subsequently, Ponceau S (71033761, Sinopharm Chemi-
cal Reagent, Shanghai, China) and acid fuchsin (71033760,
Sinopharm Chemical Reagent) were used for staining for 5
min, followed by a 3-minute phosphomolybdic acid stain-
ing for decolorization and then 1-minute aniline blue stain-
ing (71003644, Sinopharm Chemical Reagent). After the
sections were dehydrated with ethanol and xylene, they
were sealed with neutral resin and observed under a mi-
croscope (Nikon Eclipse Ci-L, Nikon, Tokyo, Japan). Col-
lagen volume fractions were quantified using ImageJ soft-
ware (version 8.0; National Institutes of Health, Bethesda,
MD, USA).

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick-End Labeling (TUNEL) Staining

Sections were dewaxed, incubated with proteinase K
(ST532, Beyotime, Shanghai, China) and 0.1% Triton X-
100 (30188928, Sinopharm Chemical Reagent), followed
by washing in phosphate-buffered saline (PBS), and then
stained with the TUNEL apoptosis detection kit (C1090,
Beyotime). Images were collected and counted using Ca-
seViewer 2.4 software (3DHISTECH Ltd., Budapest, Hun-
gary) and ImageJ to count the positive (red) and total (blue)
cells in each sample. The positive cell rate was determined
by calculating the ratio of the number of positive cells to the
number of total cells.
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Western Blotting
Lung tissue samples (100 mg each) were chopped and

soaked in 1 mL cold lysis buffer. After low-temperature ho-
mogenization (3 times× 20 s), the homogenate was placed
in an ice bath for 15 min to complete the lysis process. The
cell sample was discarded from the supernatant and washed
twice with PBS to collect the cells. Then the sample was
centrifuged at 1000 ×g for 5 min, after removing the su-
pernatant, adding 600 µL of Radioimmunoprecipitation As-
say (RIPA) lysate (P0013B, Beyotime) to the sample, and
lysing on ice for 30 min. The homogenate or cell sample
was centrifuged at 6000 ×g and 4 °C for 5 min, and the
supernatant was transferred for concentration measurement
using a Bicinchoninic Acid (BCA) kit (P0012, Beyotime).

Subsequently, a quarter volume of loading buffer was
added to the sample, followed by heating in boiling water
for 5 min and cooling at room temperature to denature the
protein. The sample was stored at –20 °C for further study.

After the protein sample was run in Sodium Do-
decyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) and transferred to a Polyvinylidene Fluoride mem-
brane (PVDF) (10600023, GE Healthcare Life Sciences,
Waltham, MA, USA), the protein sample was sealed with
5% skim milk for 2 h. Subsequently, the sample was in-
cubated with the corresponding primary antibody at 4 °C
overnight. On the next day, the sample was incubated
with anti-rabbit Immunoglobulin G (IgG), Horseradish Per-
oxidase (HRP)-linked secondary antibody. The protein
strips were observed using enhanced chemiluminescence
(610020-9Q, Clinx, Shanghai, China) and quantified using
ImageJ software.

The antibodies used are as follow: Bcl-2 Associ-
ated X protein (BAX) Antibody (AF0120, Affinity, Cincin-
nati, OH, USA; 1:1000); B-cell lymphoma 2 (BCL-2)
Antibody (AF6139, Affinity; 1:1000); HMGB-1 Anti-
body (10829-1-AP, Proteintechm, Wuhan, China; 1:1000);
Toll-like receptor 4 (TLR4) Antibody (AF7017, Affinity;
1:1000); nuclear factor kappa-light-chain-enhancer of acti-
vated B cells p65 subunit (p65) Antibody (AF5006, Affin-
ity; 1:1000); NOD-like receptor family pyrin domain con-
taining 3 (NLRP3) Antibody (DF7438, Affinity; 1:1000);
Anti-rabbit IgG, HRP-linked Antibody (7074, CST, Dan-
vers, MA, USA; 1:6000); β-actin Antibody (1115-1-RR,
Proteintech; 1:10,000); and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) Antibody (10494-1-AP, Protein-
tech; 1:10,000).

Bronchoalveolar Lavage Fluid Collection and Cell
Count

Bronchoalveolar lavage fluid (BALF) was collected
as previous study [20]. Briefly, the rats were lavaged with
PBS post-euthanasia to obtain BALF. Then, the BALF was
centrifuged at 1200 ×g for 10 min. Afterwards, the super-
natant was dropped at the end of a clean, grease-free slide
and then made into a cell smear, which was then left to dry

without heating. The smear was stained according to the
instructions, followed by washing with distilled water for
30 s, and counted under the microscope.

Enzyme-Linked Immunosorbent Assay (ELISA)
The BALF collected was centrifuged at 1200 ×g for

10 min to obtain supernatant. Separately, the blood sam-
ple was left to coagulate naturally at room temperature for
20 min, followed by centrifuging at 3500 ×g for 15 min
to obtain serum. The lung tissue was pre-treated with pre-
cooled PBS to remove residual blood. Then, the tissue was
ground and homogenized on ice, followed by centrifuga-
tion at 6000 ×g for 5 min. Absorbance (Optical Density
(OD)) of each well was measured at 450 nm using a mi-
croplate reader (CMaxPlus, Molecular Devices LLC., San
Jose, CA, USA).

Then, the levels of interleukin 6 (IL-6), tumor necro-
sis factor alpha (TNF-α), and interleukin 1β (IL-1β) in rat
serum, lung, and BALF were assessed using correspond-
ing ELISA kits according to instructions. The kits used are
as follows: IL-6 ELISA kit (ml064292, Mlbio, Shanghai,
China), TNF-α ELISA kit (ml002859, Mlbio), and IL-1β
ELISA kit (ml037361, Mlbio).

Immunohistochemistry
The section was dewaxed and incubated in

100 µL hydrogen peroxide blocking solution for 10
min. After washing, the section was soaked in Tris-
Ethylenediaminetetraacetic acid (EDTA) (pH = 9.0) and
boiled for 15 min, and then left to cool down naturally for
15 min.

One hundred microliters of 5% bovine serum albu-
min (BSA) solution were added to the section, followed
by a 20-minute incubation. NLRP3 Antibody (DF7438,
Affinity; 1:200) was added for an overnight incubation at
4 °C. Goat Anti-Rabbit IgG H&L (HRP) (ab97080, Ab-
cam, Cambridge, UK; 1:5000) was added for a 30-minute
incubation at 37 °C. The section was then stained with 3,3-
diaminobenzidine tetrahydrochloride (DAB) (36203ES01,
Yeasen, Shanghai, China) and counterstained with hema-
toxylin for 30 s. Subsequently, the section was differen-
tiated with hydrochloric acid-alcohol for 1 s, and then al-
lowed to wash in running tap water for 10 min. After dehy-
dration, transparency, and sealing, the slide was observed
under a microscope. Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, MD, USA) was used to analyze the
optical density and area of images. The average optical den-
sity (AOD) is calculated as the integral optical density/the
area, which was used for statistical analysis.

Extraction and Culture of Primary AECIIs From
Newborn Rats

After the newborn rats were euthanized by CO2 in-
halation, they were soaked in 75% ethanol. Subsequently,
both lungs were carefully removed from each animal and
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Table 1. Primer sequences.
Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

Hmgb-1 AGGCTTTTCCCCATTAACAACAC CCCCTCCTTCCACCTTTCTAC
Gapdh CTCAGTTGCTGAGGAGTCCC ATTCGAGAGAAGGGAGGGCT
Il-6 CCACGGCCTTCCCTACTTC TTGGGAGTGGTATCCTCTGTGA
Il-10 CATTCCATCCGGGGTGACAA TTCTTCACCTGCTCCACTGC
Tnf-α ATCCGAGATGTGGAACTGGC CGATCACCCCGAAGTTCAGT
Il-1β GACTTCACCATGGAACCCGT GGAGACTGCCCATTCTCGAC
β-Actin ATTGGTGGCTCTATCCTGGC AAACGCAGCTCAGTAACAGTC
Hmgb-1, High mobility group box 1; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Il-
6, interleukin 6; Il-10, interleukin 10; Tnf-α, tumor necrosis factor alpha; Il-1β, interleukin
1β.

washed twice in PBS to remove residual non-lung tissue and
blood. The lung tissue was then cut into small pieces. Af-
terwards, the tissue pieces were incubated in 0.25% trypsin
solution (GNM25200-1, JingKeBio, Hangzhou, China) at
37 °C for 45 min. During this time, the mixture was gently
stirred every 10 minutes to ensure thorough digestion.

The reaction of trypsin was terminated by adding com-
plete medium, and then, the tissue-reagent mixture was fil-
tered through 200 mesh sieves to remove undigested lung
tissue, followed by centrifugation at 1000×g for 3 min and
supernatant removal. Dulbecco’s Modified Eagle Medium
(DMEM)/F12 complete medium was added to the pellets;
after being resuspended, the sample was transferred for sub-
sequent culture.

The cells were cultured inDMEM/F12medium (iCell-
000, iCell Bioscience, Shanghai, China), containing 10%
fetal bovine serum and 1% penicillin-streptomycin, under
the conditions of 5%CO2, 37 °C and 80% humidity. After a
certain period of culture, cell morphology was observed un-
der a microscope to identify AECIIs, and quantitative poly-
merase chain reaction (qPCR) was employed to detect my-
coplasma contamination.

AECIIs Transfection, Verification and
Hyperoxia-Induced BPD Modeling

The 1× 105/mL AECIIs were first seeded into 6-well
culture plates with 2 mL medium and then transfected with
an shRNA (Genepharma) or HEGB-1-targeting plasmid
(Genepharma) and relevant negative control (sh-NC or oe-
NC) by incubating with Lipofectamine TM3000 (L3000-
008, Invitrogen, Waltham, CA, USA) for 48 h when the cell
confluence reached 70%, followed by Western blotting and
qPCR assays for verifying transfection efficacy.

To construct a hyperoxia injury model, the trans-
fected AECIIs were exposed to 85% oxygen for 24 h. The
cells were divided into control, model (hyperoxia expo-
sure), nesfatin-1, Hmgb-1 overexpression (oe-HMGB-1),
oe-HMGB-1+nesfatin-1, and shRNA Hmgb-1 (sh-HMGB-
1) groups, which were labeled A–F, respectively.

Immunofluorescent Staining
AECIIs were fixed in 4% paraformaldehyde for 30

min at 37 °C. After permeabilization with 0.5% Triton
X-100 at room temperature and blocking with 3% BSA
for 30 min, cells were stained with surfactant protein C
(SP-C) primary antibody (DF6647, Affinity, 1:200) at 4
°C overnight. Cells were then incubated with goat anti-
rabbit Alexa Fluor® 647 secondary antibody (AB150080,
Abcam, 1:500), followed by staining of nuclei with 4,6-
diamidino-2-phenylindole (DAPI) for 5–10 min at room
temperature. Images were acquired using a fluorescence
microscope (Ts2-FC, Nikon, Tokyo, Japan). For the de-
tection of ROS, immunofluorescence was performed us-
ing an ROS detection kit (S0033M, Beyotime). ImageJ
software (National Institutes of Health) was used to ana-
lyze the proportion of SP-C positive cells in the total cell
count and the mean fluorescence intensity (MFI) of 2,7-
dichlorofluorescein (DCF), which is indicative of ROS ac-
tivity.

Quantitative Polymerase Chain Reaction
Cells were collected and washed with PBS. The to-

tal RNA was extracted from samples using a special kit
(AG21024, AmyJet, Wuhan, China) according to instruc-
tions. The Roche LightCycler 96 real-time fluorescence
quantitative PCR instrument (LightCycler® 96, Roche,
Basel, Switzerland) was used for qPCR. Reverse transcrip-
tion was performed at 42 °C for 15 min; 85 °C for 5 min,
followed by PCR at 95 °C denaturation for 10 min, 40 cy-
cles at 95 °C for 15 s, and 60 °C for 60 s. Relative gene
expression was estimated using the 2−∆∆CT method as re-
ported by Tang et al. [21]. Primer sequences are presented
in Table 1.

Cell Counting Kit-8 (CCK8) Assay
Transfected AECIIs in the logarithmic growth phase

were collected and then digested with 0.25% trypsin solu-
tion. After cell counting, the cells were added to serum-
free culture medium to prepare a cell suspension (1.5 ×
104/100 µL). Next, they were seeded into 96-well plates
for overnight culture. AECIIs were modeled and/or treated
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Fig. 1. Observations of pulmonary pathology in rat lungs. (A) The wet-dry ratio of the left lungs in each group (n = 6). (B) Body
weight changes in rats (n = 6). (C) Hematoxylin and Eosin staining (n = 6); magnification: 200×, scale bar: 100 µm; magnification:
400×, scale bar: 50 µm. (D) Masson staining (n = 6); magnification: 200×, scale bar: 100 µm; magnification: 400×, scale bar: 50
µm. (E) TUNEL staining for dead cells in rat lungs; magnification: 200×, scale bar: 100 µm. (F) Positive dead cell percentage (n = 6).
(G,H) The relative expression of Bcl-2 Associated X protein (BAX) (G) and B-cell lymphoma 2 (BCL-2) (H). (I) Western blot results (n
= 3). ▲p< 0.05, ▲▲p< 0.01 vs control group; ⋆p< 0.05, ⋆⋆p< 0.01 vs model group. DAPI, 4,6-diamidino-2-phenylindole; TUNEL,
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.

with nesfatin-1 according to group design for 24 h, followed
by cell viability measurement using a CCK8 kit (C0039,
Beyotime). OD of each well in the CCK8 assay was mea-
sured at 450 nmusing amicroplate reader (CMaxPlus). Cell
viability was calculated using the following formula: (Opti-
cal Density (OD)) value of experimental group – OD value
of blank) / (OD value of control group – OD value of blank)
× 100%.

Cell Apoptosis Assay

In the cell apoptosis assay, 2 mL of cells (1.2 × 106
cells/well) were seeded into the 6-well plate for 24 h. Af-
terwards, the cells were collected, washed twice with pre-
cooled PBS, and resuspended to 1 × 106 cells/mL. Af-
ter the addition of 500 µL binding buffer, the cell sus-
pension was centrifuged. The supernatant was discarded,
and 100 µL buffer was added to the pellet prior to mix-
ing. Then, apoptosis was detected using an apoptosis kit
(556547, BD, Franklin Lakes, NJ, USA). In short, 5 µL An-
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nexin V-Fluorescein Isothiocyanate (FITC) and 10 µL Pro-
pidium Iodide (PI) were added, mixed, and then incubated
for 15 min at room temperature in the dark. Following the
addition of 400 µL of binding buffer, the apoptosis rate was
detected using flow cytometry (NovoCyte, Agilent, Santa
Clara, CA, USA) within 1 h. The experiment was repeated
3 times.

Statistical Analysis
In the current study, data were analyzed by SPSS 20.0

(IBM Corp., Chicago, IL, USA). Data are expressed as
mean ± standard error of mean. One-way analysis of vari-
ance (ANOVA) was used to analyze normally distributed
data that satisfied the homogeneity of variance, and further
two-by-two comparisons between groups were performed
using Tukey’s test. Dunnett’s T3 test was used if the data
were normally distributed, but did not meet the homogene-
ity of variance. Statistical threshold was set at p < 0.05.

Results

Nesfatin-1 Attenuates Lung Pathological Injury
Induced by BPD

To assess the pathological change in the lung, we
measured the lung wet-dry ratio and performed patholog-
ical staining. As shown in Fig. 1A, the wet-dry ratio was
markedly elevated after BPD modeling (p< 0.01), indicat-
ing a severe BPD-induced pulmonary edema. On the con-
trary, nesfatin-1 treatment effectively reduced the wet-dry
ratio of the lung (p< 0.01). The changes in the body weight
of rats are shown in Fig. 1B. The body weight of rats in the
model group was significantly lower (p< 0.01) on days 4–
14 compared with the control group. The body weight of
rats in the nesfatin-1 group was considerably higher (p <

0.05 or p < 0.01) on days 4–14 compared with the model
group.

In addition, the Hematoxylin and Eosin staining re-
sults suggested that compared to the intact lung tissue in
the control group, lung tissue in the model group exhib-
ited severe inflammatory cell infiltration, in tandem with
alveolar septa widening, along with the onset of edema and
congestion. However, nesfatin-1 treatment resulted in the
shrinkage of alveolar septa and mitigated inflammatory cell
infiltration, edema, and congestion (Fig. 1C).

Moreover, Masson staining was used to assess fibrosis
in the lung. As shown in Fig. 1D, a clear alveolar structure
was observed in the control group, with a small amount of
blue filamentous collagen fiber deposition seen at the edge
of the alveoli. In contrast, a large amount of blue filamen-
tous collagen fiber deposition in the alveolar wall tissue of
the model group was observed, along with collapse, fusion,
and widening of the alveolar septum. The alveolar structure
in the nesfatin-1 group was relatively intact, with a reduc-
tion in blue fiber area and a thinning of alveolar spacing.

Furthermore, we performed TUNEL staining and
measured biomarker expression to assess apoptosis in the
lung tissue. As shown in Fig. 1E,F, compared to the positive
cells in the control group, the dramatic increase in positive
cells suggested a rise in cell apoptosis, which was alleviated
by nesfatin-1 treatment (p< 0.01). Western blot results are
shown in Fig. 1G–I. Compared to the control group, BAX
expression was upregulated (p < 0.01), indicating an in-
crease in apoptosis, while the BCL-2 expression decreased
to a modest extent (p < 0.05) in the model group. Interest-
ingly, the nesfatin-1 treatment notably reversed the BPD-
induced apoptosis.

Nesfatin-1 Mitigates Lung Inflammation Activated by
BPD

Subsequently, we measured inflammatory factors IL-
6, TNF-α, and IL-1β in serum, lung tissue, and BALF to
assess the degree of inflammation in rats. As shown in
Fig. 2A–I, compared with the control group, the levels of
IL-6, TNF-α, and IL-1β in serum, lung tissue, and BALF of
rats in the model group were markedly elevated (p< 0.01);
and the levels of IL-6, TNF-α, and IL-1β in serum, lung tis-
sue, and BALF of rats in the nesfatin-1 group were notably
reduced (p< 0.01) comparedwith those in themodel group.
Neutrophil count in rat BALF is presented in Fig. 2J. Com-
pared with the control group, the number of neutrophils
in rat BALF in the model group was dramatically raised
(p < 0.01), whereas compared with the model group, the
number of neutrophils in rat BALF in the nesfatin-1 group
was dramatically decreased (p< 0.01). These findings col-
lectively point to the potential of nesfatin-1 in suppressing
BPD-induced inflammation.

Nesfatin-1 Inhibits the HMGB-1/TLR4/NLRP3
Pathway

To explore the mechanism behind the therapeutic po-
tential of nesfatin-1 in BPD, we measured protein expres-
sion related to the HMGB-1/TLR4/NLRP3/Nuclear Factor
kappa-light-chain-enhancer of activated B cells (NF-κB)
pathway. As shown in Fig. 3A–E, the model group showed
an increase in relative protein expression of HMGB-1,
TLR4, p65, and NLRP3, which is suggestive of pathway
activation (p < 0.01). In contrast, nesfatin-1 treatment de-
creased the expression of HMGB-1, TLR4, p65 andNLRP3
proteins (p < 0.01). Furthermore, the immunohistochemi-
cal staining (Fig. 3F,G) showed that compared to the control
group, NLRP3 expression was remarkably elevated in the
model group (p< 0.01), and compared to the model group,
the nesfatin-1 group exhibited decreased NLRP3 expres-
sion after treatment (p < 0.01), indicating that nesfatin-1
can suppress the activation of inflammation-related signal-
ing pathway.
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Fig. 2. Comparison of inflammatory factors and neutrophils. (A–C) The expression of IL-6 (A), TNF-α (B), and IL-1β (C) in serum
(n = 6); (D–F) The expression of IL-6 (D), TNF-α (E), and IL-1β (F) in lung tissue (n = 6); (G–I) The expression of IL-6 (G), TNF-α
(H), and IL-1β (I) in BALF (n = 6); (J) Neutrophil count in BALF (n = 6). ▲▲p < 0.01 vs control group; ⋆⋆p < 0.01 vs model group.
Abbreviations: BALF, bronchoalveolar lavage fluid; IL, interleukin; TNF-α, tumor necrosis factor alpha.

AECIIs Identification and Transfection Efficiency
Verification

The morphology of isolated cells was observed to de-
termine AECIIs. As shown in Fig. 4A, we observed a
large number of particles in the cytoplasm, in elliptical or
short spindle-shaped cells with large, obvious nuclei, af-
ter a 24-hour culture. However, after 72 h of culture, the

cell shape was notably enlarged, with the formation of a
long spindle or irregular triangle. After passage, the cells
transformed into polygonal shapes and interconnected to
form cell monolayers, with plump cell bodies and clear cell
edges. The qPCR results indicated that the AECIIs were not
contaminated with mycoplasma (Supplementary Fig. 1).
Then, the purity of AECIIs was detected by means of SP-
C staining, and red fluorescence indicated SP-C-positive
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Fig. 3. Expression of relative protein of HMGB-1/TLR4/NLRP3 pathway. (A–D) Relative expression of HMGB-1 (A), TLR4 (B),
p65 (C), and NLRP3 (D). (E) Western blot results of the proteins (n = 3). (F) For immunohistochemical analysis, the average optical den-
sity (AOD) of NLRP3 was calculated as the optical density/the area using Image-Pro Plus 6.0. (G) Representative immunohistochemical
staining images of NLRP3 (n = 6); magnification: 200×, scale bar: 100 µm; magnification: 400×, scale bar: 50 µm. ▲▲p < 0.01 vs
control group; ⋆⋆p < 0.01 vs model group. TLR4, Toll-like receptor 4; p65, nuclear factor kappa-light-chain-enhancer of activated B
cells p65 subunit; NLRP3, NOD-like receptor family pyrin domain containing 3.

cells. Fig. 4B shows that the proportion of SP-C-positive
cells is greater than 97%, indicating successful isolation of
AECIIs.

Transfection efficiency was assessed using Western
blotting and qPCR analysis. As shown in Fig. 4C,D, both
protein and mRNA levels ofHmgb-1were notably elevated
in the oe-HMGB-1 group compared to the oe-NC group but
decreased in the sh-HMGB-1 group compared to the sh-NC
group (p < 0.01), indicating successful transfection.

Subsequently, cell viability was detected with the
CCK8 assay after Hmgb-1 knockdown or overexpression.
The results revealed that the cell viability of AECIIs cells
in the overexpression ofHmgb-1 groupwas dramatically re-
duced after 24- and 72-h culture compared to oe-NC group
(p< 0.01) (Fig. 4E). Compared with sh-NC group, AECIIs
cells in the Hmgb-1 knockdown group exhibited a remark-
able decrease in cell viability after a 24-h culture (p< 0.05)
and a remarkable increase in cell viability after a 72-h cul-
ture (p < 0.01). These results indicated that sh-NC and oe-
NC did not affect the viability of the control group, suggest-
ing that Hmgb-1 gene expression levels directly affect cell
viability.

Nesfatin-1 Alleviates Hyperoxia-Induced Damage
TheAECIIsmorphologywas observed for the purpose

of verifying successful hyperoxia model construction. As
shown in Fig. 5A, relative to the control group, exposure
to hyperoxia resulted in changes in AECIIs morphology,
partial cell shrinkage, decreased cell adhesion, and deteri-
orated cell function, indicating successful construction of a
hyperoxia model.

Furthermore, to assess the influence of hyperoxia on
AECIIs, cell viability was measured using the CCK8 as-
say and apoptosis was identified using flow cytometry. As
illustrated in Fig. 5B–D, hyperoxia exposure significantly
reduced the viability of AECIIs (p < 0.01). Interestingly,
nesfatin-1 treatment can counteract the damage caused by
hyperoxia. HMGB-1 silencing exhibited an anti-hyperoxia
effect similar to the impact of nesfatin-1 (p < 0.01). In
contrast, HMGB-1 overexpression exacerbated hyperoxia-
induced damage, reversing the protective effect of nesfatin-
1 (p < 0.05).

ROS staining, as shown in Fig. 5E,F, MFI of DCF in-
dicates ROS activity. Compared with the control group,
the MFI of DCF was greatly elevated in the model group
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Fig. 4. Type II alveolar epithelial cells (AECIIs) identification and transfection verification. (A) Observation of cell morphology;
magnification: 40×, scale bar: 400 µm; magnification: 100×, scale bar: 200 µm; magnification: 200×, scale bar: 100 µm. (B) The
expression of SP-C in AECIIs cells at each time point (n = 3); magnification: 200×, scale bar: 100 µm; magnification: 400×, scale
bar: 50 µm. (C) Relative expression of Hmgb-1 mRNA was analyzed using quantitative polymerase chain reaction (qPCR) (n = 3). (D)
Relative expression of HMGB-1 proteins was determined by means of Western blotting. Representative protein blot bands are shown (n
= 3). (E) Determination of cell viability using CCK8 assay after overexpression or knockdown of Hmgb-1 (n = 6). ▲▲p< 0.01 vs sh-NC
or oe-NC group. Abbreviations: P1, First-passage cells; SP-C, Surfactant protein C; CCK8, cell counting kit-8.

(p < 0.01); compared with the model group, the MFI of
DCF was greatly reduced in the nesfatin-1 group and the
HMGB-1 silencing group (p < 0.01), and the MFI of DCF
in the HMGB-1 overexpression group was greatly elevated
(p< 0.01); compared with the nesfatin-1 group, the MFI of
DCF was significantly enhanced in the nesfatin-1+HMGB-
1 overexpression group (p < 0.01). Therefore, we hypoth-
esized that HMGB-1 was involved in hyperoxia-induced
damage, which can be mitigated by nesfatin-1 by inhibit-
ing HMGB-1.

Nesfatin-1 Inhibits the HMGB-1 Expression and
Suppresses Secretion of Pro-Inflammatory Factors

Western blot results, as presented in Fig. 6A–E, show
that the protein expression levels of HMGB-1, TLR4, p65,
and NLRP3 were remarkably reduced in AECIIs in the

nesfatin-1 group and the Hmgb-1 silencing group com-
pared to the model group (p < 0.05 or p < 0.01), and
the protein expression levels of HMGB-1, TLR4, p65,
and NLRP3 were markedly increased in the HMGB-1
overexpression group (p < 0.01). Compared with the
nesfatin-1 group, HMGB-1, TLR4, p65, and NLRP3 pro-
tein expression levels were markedly increased in HMGB-1
overexpression+nesfatin-1 group (p < 0.01).

The qPCR results are shown in Fig. 6F–I. Compared
with the control group, Il-6, Tnf-α, and Il-1β mRNA ex-
pression were conspicuously elevated (p < 0.01) and Il-10
mRNA expression was conspicuously decreased (p< 0.01)
in the model group. Compared with the model group, Il-
6, Tnf-α, and Il-1β mRNA expression were markedly de-
creased (p< 0.05 or p< 0.01) and Il-10mRNA expression
level was markedly increased (p < 0.01) in the nesfatin-1
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Fig. 5. Hyperoxia-induced damage in AECIIs. (A) Observation of cell morphology; magnification: 200×, scale bar: 100 µm;
magnification: 400×, scale bar: 50 µm. (B) Cell viability (n = 6). (C) Detection of cell apoptosis by means of flow cytometry. The
flow cytometry quadrant diagram was shown. (D) Quantitative results of cell apoptosis rate (n = 3); oe, plasmid transfection targeting
HMGB-1; sh, shRNA transfection targeting HMGB-1. (E,F) The mean fluorescence intensity (MFI) of 2,7-dichlorofluorescein (DCF),
which is indicative of reactive oxygen species (ROS) activity, was detected by immunofluorescence (n = 3); magnification: 200×, scale
bar: 100 µm; magnification: 400×, scale bar: 50 µm. Groups A–F correspond to the control, model (hyperoxia exposure), nesfatin-1,
oe-HMGB-1, oe-HMGB-1+nesfatin-1, and sh-HMGB-1 groups, respectively. ▲▲p < 0.01 vs control group; ⋆p < 0.05, ⋆⋆p < 0.01 vs
model group; #p < 0.05, ##p < 0.01 vs nesfatin-1 group.

group and the HMGB-1 silencing group. In the HMGB-1
overexpression group, mRNA expression level of Il-6, Tnf-
α and Il-1β was obviously enhanced (p< 0.05 or p< 0.01),
and the expression level of Il-10 mRNA was markedly di-
minished (p < 0.05). Compared with the nesfatin-1 group,

the expression levels of Il-6, Tnf-α, and Il-1β mRNA in the
HMGB-1 overexpression+nesfatin-1 group were obviously
elevated (p< 0.05 or p< 0.01), and the expression level of
Il-10 mRNA was markedly reduced (p < 0.01).

https://www.discovmed.com/


943

Fig. 6. Western blot assay of proteins related to HMGB-1/TLR4/NLRP3 pathway andmRNA expression of inflammatory factors.
(A–D) The relative expression of HMGB-1 (A), TLR4 (B), p65 (C), and NLRP3 (D) (n = 3). (E) Western blot results. (F–I) The relative
mRNA expression of Tnf-α (F), Il-6 (G), Il-10 (H), and Il-1β (I). ▲▲p< 0.01 vs control group; ⋆p< 0.05, ⋆⋆p< 0.01 vs model group;
#p < 0.05, ##p < 0.01 vs nesfatin-1 group.

Discussion

Our results demonstrated that nesfatin-1 can inhibit
inflammation and alleviate hyperoxia-induced damage, in
both in vivo and in vitro settings. Moreover, HMGB-1
overexpression aggravated hyperoxia-induced damage and
counteracted the protective effect of nesfatin-1. These find-
ings suggest that nesfatin-1 may potentially suppress in-
flammation by interfering with the HMGB-1/TLR4/NF-
κB/NLRP3 signaling pathway, thereby alleviating BPD.

Hyperoxia exposure, possibly occurring during me-
chanical ventilation, was identified as a risk factor for the
development of BPD [22]. Geetha et al. [23] reported that
an individual might be facing a 5.5 times increased risk of
BPD 7 days after mechanical ventilation. Their study pro-
vides a justification in this study to utilize hyperoxia expo-
sure to construct a rat model of BPD.Moreover, the increas-
ing wet-dry weight ratio of the lung and the pathological
staining results revealed pulmonary edema, lung fibrosis,
and apoptosis in lung tissue following hyperoxia exposure,
which are consistent with the pathological characteristics of
BPD.

As noted in previous studies, the risk factors for BPD
are multifold. However, the inflammatory response is a
key driver of distorted lung development [24,25]. Neu-
trophils, functioning as the primary cells of immunologi-
cal defense, play a critical role in the onset and progression

of acute lung injury [26,27]. However, excessive release
of ROS and neutrophil extracellular traps by neutrophils
may contribute to BPD development [28,29]. For exam-
ple, Sun et al. [27] have reported that neutrophil extra-
cellular traps caused BPD-like damage in neonatal mice
via the WNT/β-catenin pathway. Similarly, we found a
sharp increase in neutrophil count in BALF. Interestingly,
nesfatin-1 treatment contributed to a significant reduction
in the influx of neutrophils into the BALF. A study by
Zhao et al. [30] reported that suppression of the HMGB-
1/TLR4/p-38 MAPK/ROS axis may inhibit the formation
of neutrophil extracellular traps in rats with hyperhomocys-
teinemia. Therefore, combined with their findings, our data
suggest that nesfatin-1 reduces BPD damage by inhibiting
neutrophil activation.

HMGB-1, an endogenous mediator of inflammation,
can be secreted by immune cells and regulated via multiple
biological processes, such as calcium signaling and ROS
[30,31]. In addition, in vivo experiments have shown that
HMGB-1 is implicated in the progression of reoxygenation
damage [32].

Previous studies have also demonstrated that TLR4
can activate the NF-κB signaling pathway, followed by
interaction with HMGB-1, resulting in NLRP3 inflamma-
some activation [33–35]. Our study showed that nesfatin-1
exerts an inhibitory effect on HMGB-1, thereby abrogating
NLRP3 inflammasome activation both in vivo and in vitro.
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It is well established that the activation of NLRP3 inflam-
masome is linked to the expression of inflammatory factors
[36]. For instance, IL-1β and TNF-α expression can induce
activation and expression of NLRP3 inflammasome.

The current study offers some preliminary insights
into the potential value of nesfatin-1 in the treatment of
BPD, but several limitations of the study should be ac-
knowledged. Firstly, animal models inherently differ from
human clinical samples, and thus, these findings require
further validation through additional basic research and
clinical trials. Secondly, our study did not assess the po-
tential adverse effects of nesfatin-1 in animal models. Fu-
ture preclinical investigations should carefully evaluate the
safety profile of nesfatin-1 to inform its translational po-
tential. Future studies will focus on the clinical transla-
tional applications of nesfatin-1, including optimization of
the therapeutic dose, biosafety assessment, and develop-
ment of targeted delivery systems.

Conclusion

In conclusion, nesfatin-1 can reduce neutrophil con-
tent and suppress inflammation, mitigating BPD-like char-
acteristics in in vitro and in vivo scenarios. This protec-
tive effect is probably mediated through the regulation of
the HMGB-1/TLR4/NF-κB/NLRP3 pathway. In summary,
this study offers preliminary evidence on the therapeutic po-
tential of nesfatin-1 in BPD treatment and reveals the poten-
tial mechanisms behind the compound’s protective effect.
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